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The low-energy excesses observed by the MiniBooNE experiment have, to date, defied a convinc-
ing explanation under the standard model even with accommodation for non-zero neutrino mass. In
this paper we explore a new oscillation mechanism to explain these anomalies, invoking a light neu-
trinophilic Higgs boson, conceived to induce a low Dirac neutrino mass in accord with experimental
limits. Beam neutrinos forward-scattering off of a locally over-dense relic neutrino background give
rise to a novel matter-effect with an energy-specific resonance. An enhanced oscillation around
this resonance peak produces flavor transitions which are highly consistent with the MiniBooNE
neutrino- and antineutrino-mode data sets. The model provides substantially improved χ2 values
beyond either the no-oscillation hypothesis or the more commonly explored 3+1 sterile neutrino hy-
pothesis. This mechanism would introduce distinctive signatures at each baseline in the upcoming
SBN program at Fermilab, presenting opportunities for further exploration.
I. MOTIVATION
The nature of neutrino mass is widely recognized as one
of the most important open theoretical and experimen-
tal questions in particle physics. In the Standard Model
(SM) particles acquire mass via the Higgs mechanism,
and the measured Yukawa couplings of the fermions span
from 7× 10−1 (top quark) to 2× 10−6 (electron). Under
the SM, neutrinos do not couple directly to the Higgs field
and so are massless. However, the discovery of neutrino
oscillation [1, 2] has demonstrated that neutrinos have
a tiny but non-zero mass. This mass has current upper
limits around mν . 2.05 eV from direct searches [3, 4].
Cosmological observations of the cosmic microwave back-
ground and baryon acoustic oscillations [5] suggest the
sum of neutrino masses is still smaller,
∑
imi < 0.23 eV.
One neutrino mass state may still be massless mν1 ≥ 0,
but oscillations [6] place lower limits on the other two
masses of ma > 8.5meV and mb > 50meV (the identi-
fication of subscript a and b with a conventionally num-
bered mass state depends on the ordering of the neutrino
masses). Such small values imply either extremely small
Yukawa couplings to the Higgs or a new mechanism for
mass generation. Several models have been proposed to
try to explain the mass of neutrinos [7–11], many of them
predicated on the seesaw mechanism and the generation
of a Majorana neutrino mass via the Weinberg operator.
However, the possibility remains that neutrinos are
Dirac particles, without a Majorana mass term. The
challenge for such models is explaining why the Yukawa
coupling to neutrinos are so much smaller than to the
other particles [12]. This would be particularly awk-
ward, since the neutrinos are members of SU(2) doublets
with the charged leptons, all of which have much larger
masses. Admitting Dirac neutrinos thus suggests non-
trivial structure in the Higgs sector. This is often codi-
fied in two-Higgs-doublet models [13]. In particular, some
∗ Corresponding author: ben.jones@uta.edu
authors have suggested that new light Higgs fields with
a smaller vacuum expectation value (vev) could gener-
ate the light neutrino masses, while the standard model
Higgs generates the masses of the other fermions [14–17].
In this work we consider possible phenomenological im-
plications of such a scheme. We do not restrict our con-
siderations to any specific embedding within the Stan-
dard Model, but rather treat it as a generic consequence
of a wider class of models, some examples of which are
listed in the above references.
We consider here a minimal model with a single new
neutrinophilic Higgs boson that has a standard-model
type potential:
LνHiggs = 2Φ†Φ + ζ
(
Φ†Φ
)2
with 2 < 0 ζ > 0, (1)
generating a new Higgs mass mh =
√
2ζvh > 0 and a
vev vh = ||/
√
ζ > 0. The masses of the neutrinos are
then given by Yukawa couplings to new Higgs:
Lνmass =
∑
i
(givh) ν¯ν. (2)
Both mh and vh values are independent free parameters.
To generate natural neutrino masses using Yukawa cou-
plings of similar order to those in the standard Higgs sec-
tor the vev of the new Higgs field should be in the range
10meV < vh < 100 keV . It is worth noting that the
“natural” range of Yukawas in this new sector could be
entirely unrelated to that in the known Higgs sector, so,
as usual, the parameters required for naturalness cannot
be stated unambiguously.
The mass of the new boson is an independent and un-
constrained parameter which is, in principle, experimen-
tally measurable. If prejudices developed from the SM
Higgs sector were directly applicable the Higgs self cou-
pling  would be O(1), and the new Higgs mass would be
of the same order as the new vev. Again, this should only
be taken as a rough guide. Finally, we note that the neu-
trinos in our model are strictly Dirac fermions with no
Majorana term present, and we do not rely on a seesaw
model to explain their mass scale.
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2A particularly interesting phenomenological implica-
tion of this model is that exchange of this new boson
with the cosmic neutrino background (CNB) can, un-
der the circumstances discussed in this paper, gener-
ate a resonance observable in neutrino oscillation experi-
ments. In particular, we will show that for a Higgs mass
of O(10keV) and a CNB over-density that is large but
within experimental limits, this resonance may be observ-
able in short-baseline neutrino oscillation experiments.
In some cases, oscillation signatures very similar to the
MiniBooNE low-energy excess may be generated.
II. NEW HIGGS EXCHANGE WITH THE
COSMIC NEUTRINO BACKGROUND
We consider a beam of relativistic neutrinos with a
narrow momentum spread centered at {E, p} acting as
test-particles. A neutrinophilic Higgs boson introduces a
new force between the test particles and other neutrinos
but does not couple strongly to other Standard Model
particles. These interactions, exhibited between the test
particle and the pervasive bath of relic neutrinos pro-
duced in the hot big bang, may then generate observable
phenomena.
The Higgs couplings to neutrinos are determined by
the Yukawa parameters. Were Dirac neutrino masses
generated by a standard model Higgs alone, this Yukawa
coupling would be of order 10−15 < g < 10−13, and so
standard Higgs-to-neutrino interactions would be negligi-
ble. A larger contribution comes from Z-boson exchange
with the relic neutrino background, which has been stud-
ied in [18], but its effects remain negligible for neutrino
experiments.
In our model the vev of the Higgs is much smaller,
so the Yukawa coupling used to generate the neutrino
masses are large. Under such conditions, coherent for-
ward scattering from the CNB via light Higgs exchange
creates a refractive effect. Because this refractive effect
depends on the mass composition of the beam, the phase
of each mass eigenstate advances at different rates, thus
increasing the frequency of neutrino oscillations.
The relevant Feynman diagrams for the interaction of
beam neutrinos with CNB neutrinos are shown in Fig. 1.
We label each diagram with an amplitude Maij(p, k)
where the index a specifies whether a relic ν or ν¯ is in-
volved, p labels the four-momentum of the test neutrino
from the beam, decomposed in terms of mass eigenstates
i, and k labels the four-momentum of the relic neutrino
or antineutrino, decomposed in terms of mass eigenstates
j. We describe the calculation for neutrinos, but exactly
analogous effects are present for antineutrinos as test par-
ticles.
To maintain coherence with the incident beam required
for oscillation, we are limited to interactions where the
incoming and outgoing momenta and masses of both the
test particle and the relic neutrino are unchanged. Given
that in our model the mass of the neutrinos is defined by
diagonality of the Higgs coupling, it is immediately clear
FIG. 1. Feynman diagrams for scattering of neutrinos off
CNB neutrinos and anti-neutrinos. Top row: diagrams 1 and
2. Bottom row: diagrams 3 and 4.
that the first two diagrams only give nonzero contribu-
tions when i = j
Applying the Feynman rules, allowing for a finite Higgs
width, and assuming the relic neutrinos to be unpolar-
ized, we find the spin-averaged matrix elements:
i〈Mν¯,1ij 〉 = i
g2i
[
k.p−m2i
]
(p+ k)
2 −m2h − imhΓh
δij (3)
i〈Mν,2ij 〉 = i
g2i
[
k.p+m2i
]
(p− k)2 −m2h − imhΓh
δij (4)
i〈Mν¯,3ij 〉 = 2i
g2i g
2
j ν
2
h
m2h − imhΓh
(5)
i〈Mν,4ij 〉 = − 2i
g2i g
2
j ν
2
h
m2h − imhΓh
(6)
To account for the complete refractive effect of the relic
background, we must sum over the background momen-
tum and flavor distribution. This distribution is deter-
mined by a density function, which in the standard cos-
mological model is the Fermi-Dirac function, redshifted
from decoupling time to a temperature T ∼ 1.95 K in the
present era [19].
In the absence of a chemical potential driving an over-
density of either neutrinos or anti-neutrinos in the early
universe, µi = 0 and the distributions for ν and ν¯ are
equivalent. The number density 〈ni〉 of all mass states
are also expected to be equivalent, with 〈ni〉 = 56 cm−3,
for each flavor, for both neutrinos and anti-neutrinos.
With equal number densities of relic neutrinos and
anti-neutrinos, the contributions of Feynman diagrams
2 and 3 cancel in the forward scattering amplitude. We
assume this case to simplify our calculations. In prac-
3tice the effects of any asymmetry, if present, would be
highly sub-leading relative to resonant effects in our final
expressions.
Small deviations from the baseline model described
above are expected, arising from the effects of gravita-
tional clustering for non-relativistic neutrinos [20, 21].
More dramatic clustering effects can, however, arise in
the presence of new forces between neutrinos, through
the process of “neutrino cloud” formation [22], with en-
hancements of up to 1014 considered in Ref. [23]. Local
over-densities of 109 have been discussed in connection
with direct relic neutrino detection experiments [24], and
are still outside of experimental reach. Independently, lo-
cal enhancements of 106 have been suggested [25, 26] in
the context of direct detection, in order to match local
baryon over-density of the galaxy. Finally, over-densities
of 1013 have been invoked in order to explain the knee of
the cosmic-ray spectrum [27]. In this work we consider
the local relic density as a free parameter, and find large
observable effects within the range of values previously
considered by others.
At temperatures of 2K, the energies of the relic neu-
trinos are in the 0.1 − 1 meV range. Thus all except
perhaps the lightest are non-relativistic, and we can rea-
sonably approximate them to be at rest. The dominant
effects in our model will be caused by scattering from
the species with the largest Yukawa coupling, that is,
the heaviest neutrino mass state. These are necessar-
ily non-relativistic in the present cosmological era, so we
substitute the four vector k = (m, 0) and replace the sum
over the Fermi-Dirac distribution with a simple multipli-
cation by number density. With all these considerations,
the only important scattering amplitudes arise from di-
agrams 1 and 2, each involving a relic neutrino or anti-
neutrino in the same mass eigenstate as the test particle.
If we make the assumption that the new boson is truly
neutrinophilic, we may substitute for its width:
Γ =
1
2
mh
∑
i
g2i , (7)
to yield real and imaginary parts of the scattering matrix
shown in equations 8 and 9:
Re〈M〉 = δij g
2
iE
2m2i
[
E − Eires
(E − Eires)2 +
(
1
2E
i
resg
2
i
)2 + −E − Eires
(E + Eires)
2
+
(
1
2E
i
resg
2
i
)2
]
(8)
Im〈M〉 = −δij g
4
iE
4m2i
[
Eires
(E − Eires)2 +
(
1
2E
i
resg
2
i
)2 + Eires
(E + Eires)
2
+
(
1
2E
i
resg
2
i
)2
]
. (9)
In the above equations we introduce an important phe-
nomenological parameter, the resonance energy Eires =
m2h/2mi. It is instructive to consider a more limited
model invoking the Zero Width Approximation (ZWA),
which involves setting Γ → 0 in equations 3 and 4. In
practice, this will be a good approximation when the
Yukawa couplings are in the range g ≤ 0.1. In this case,
we find:
Re〈MZWA〉 = δij g
2
i
4mi
[ −Eires
E2 − E2res
]
(10)
Im〈MZWA〉 = 0. (11)
In both the ZWA and finite-width cases, a clear res-
onance is observed at E = Eires for each mass state,
corresponding to production of new Higgs bosons at rest
in the center of mass frame. Although this resonance
only has a small effect in terms of real particle produc-
tion or scattering, as implied by the O(g4i ) suppression
of Im[M ] and as demanded by the optical theorem, it
makes a significant contribution to the real part of the
forward-scattering amplitude, and thus contributes a
large oscillation phase near the resonance.
III. CONNECTION TO NEUTRINO
REFRACTIVE PROPERTIES AND
OSCILLATIONS
The scattering matrix calculated above has both real
and imaginary parts, which contribute to the refractive
and absorptive behaviors of the neutrino beam, respec-
tively. It will be most convenient in what follows to work
with the T matrix normalized with single-particle wave
functions, rather than the Lorentz-invariant M matrix.
These are related by T = M/4Emi.
For relativistic forward scattering we can incorporate
the effects of the amplitudes calculated above into the
time-evolution of the neutrino wave-function, as:
ψ′ = u0(p)Exp [i (p+ iniTi)x] . (12)
It is easy to verify that neutrino refractive properties re-
producing the standard MSW matter potential are recov-
ered if T is chosen to be that of the weak interactions. In
our case, the matrix elements of interest are given instead
by eqs. 3 and 4.
Following the standard derivation of the neutrino os-
cillation formula, we find the probability for conversion
from a neutrino flavor α to neutrino flavor β is given by
eq. 13 :
4Pαβ = δαβ − 4
∑
i>j
Re(U∗αiUβiUαjU
∗
βj)sin
2
[
∆ij
2
L
]
+ 2
∑
i>j
Im(U∗αiUβiUαjU
∗
βj)sin
2
[
∆ij
4
L
]
(13)
with ∆ij = (pi − pj) + nRe (Ti − Tj). Noting that, as
usual:
pi − pj =
(√
E2 −m2i −
√
E2 −m2j
)
=
∆m2ij
2E
. (14)
We can substitute for ∆ explicitly to find the oscillation
phase in this model:
∆ij
2
L =
(
∆m2ij
4E
+
1
2
nRe[Ti − Tj ]
)
L. (15)
When the energy E is very far from the resonant energy
Eires for any mass state, both the new terms are negligible
relative to the standard oscillation phase, and we retrieve
the usual neutrino oscillation formula. Near resonance
for a given mass component mk, however, new oscillation
effects become observable. The case that will be of par-
ticular interest to us is the short-baseline regime, where
the standard oscillation phase can be neglected and the
new terms give the dominant contribution to oscillations.
For simplicity we will neglect CP-violation in the fol-
lowing discussion. Allowing for non-zero CP violation
introduces further dependencies on the CP-phases of the
PMNS matrix which have not been measured, thus intro-
ducing extra fit parameters and reducing the predictive-
ness of this model. These considerations would modify
our results quantitatively by O(1) numbers, though they
do not change our primary conclusions.
Under these conditions, near the resonance Ekres and at
short baseline, the new oscillation effect takes the form:
Pαβ |LLosc = sin2αβ2θ sin2
[
1
2
nRe[Tk]L
]
. (16)
The effective angle sin22θµe is determined entirely from
the PMNS matrix, which is assumed to be well measured
by off-resonance experiments. Resonances involving mass
states lighter than the heaviest one will always be sub-
dominant, due to the reduced Yukawa couplings associ-
ated with the smaller masses. Thus the dominant term
for oscillation phenomenology in the majority of experi-
mental situations arises for k corresponding to the heav-
iest neutrino mass state. For the normal mass ordering
(NO), this is ν3, whereas for the inverted ordering (IO) it
is ν2. Thus the combination of mixing angles which de-
termine sin22θµe is distinct in these two cases, and given
by:
sin22θNOµe = 4s
2
13s
2
23c
2
13(1− s213s223c13) = 0.033 (17)
sin22θIOµe =4s12c13(c12c23 − s12s23s13)×
[−s12c13(c12c23 − s12s23s13] = 0.45. (18)
Following the assumption that only one resonance is
accessible in any given experiment, this model, which in-
troduces one new particle, can be parametrized in terms
of three phenomenological parameters, Y , Eres and gi,
via eq. 19:
Pαβ = sin
2
αβ2θ sin
2
[
Y
2
(
E − Eres
(E − Eres)2 +
(
1
2Eresg
2
i
)2 + −E − Eres
(E + Eres)
2
+
(
1
2Eresg
2
i
)2
)
L
]
(19)
with
Y =
g2i n
8mi
and Eres =
m2h
2mi
. (20)
We can also consider the reduced expression that ap-
plies at low values of gi, in practice less than g ∼ 0.1,
following from the ZWA. Under such an approximation:
PZWAαβ = sin
2
αβ2θsin
2
[
Y
Eres
E2 − E2res
L
]
. (21)
Some examples of the expected oscillation behavior under
the ZWA are shown in Fig. 2, where a narrow peak which
oscillates rapidly is clearly visible. Fig. 2 also shows os-
cillation probabilities for some finite-width values. For
narrow widths, the sharp nature of the resonance remains
clear. However, for much larger values of the coupling,
the resonance becomes sufficiently wide that nontrivial
oscillation structure becomes visible as the oscillation
phase changes across the peak. For the majority of the
calculations described in this work, the ZWA will suffice.
However, we will also briefly explore the consequences of
allowing larger couplings and widths using the full model
for eq. 19.
IV. SIGNATURES IN SHORT-BASELINE
OSCILLATIONS
The energy-localized oscillation effect described in the
previous section is particularly intriguing as a possible
5FIG. 2. Example oscillation probabilities at a 500m baseline
for different values of Eres, Y , g. Top: Oscillation under the
Zero Width Approximation. Bottom: Oscillation for a finite
width.
explanation for the short-baseline anomalies (see [28]
and references therein for a full review). These anoma-
lies suggest oscillations that are inconsistent with the
understood three-neutrino paradigm. The leading phe-
nomenological model of these observations invokes a new
neutrino mass state with ∆m2 ∼ O(eV )2 and a cor-
responding sterile flavor state. There is, however, an
ever-growing tension between positive [29, 30] and null
[31–33] measurements, when world data are interpreted
under this model. Here we explore how the new oscil-
lation signature derived in the previous section may ex-
plain the MiniBooNE low-energy excess [29] without sig-
nificant constraints from other oscillation experiments.
We fit the oscillation hypothesis described above in both
ZWA and finite width models, and we compare with fits
with the “industry standard” 3+1 sterile neutrino model.
Our fit uses the public MiniBooNE data release accom-
panying [29], and employs the χ2 minimization recipe
provided at [34]. We employ the full MiniBooNE co-
variance matrix, which simultaneously fits muon- and
electron- flavor samples, accounting for cross-correlations
and systematic errors in both neutrino and anti-neutrino
modes. We first verified the reproduction of results under
the 3+1 model, in excellent agreement with the published
MiniBooNE results [29]. The same fit procedure, applied
to a different oscillation hypothesis, is used to identify
the allowed regions using our model. Following the ex-
ample of MiniBooNE, we produce allowed regions using
neutrino mode data only, using antineutrino mode data
only, and using both data-sets combined.
For the ZWA we calculate the χ2 value for points on a
grid in (Y ,Eres) for both the normal and inverted mass
orderings and then use Wilks theorem to draw 68%, 90%,
95% and 99% confidence intervals in the (Y , Eres) pa-
rameter space. The allowed regions derived when fitting
only MiniBooNE neutrino mode data, only anti-neutrino
mode data, and both datasets together are shown in Fig.
3. The allowed regions in both modes are broadly com-
patible, showing the same two allowed regions overlap-
ping strongly at 90% CL.
Given the inverted mass ordering, a sharp resonance
around 340 MeV describes well the data in both neutrino
and anti-neutrino modes, with χ2 values that indicate
large p-values for the fit. A very low-mass resonance with
large amplitude also provides a good fit. For the normal
ordering a wide range of resonance energies between 100
MeV and ∼350 give very good fits. A selection of favored
oscillation hypotheses are shown in Fig 4.
Relaxing the ZWA and extending the fit into the larger,
3-parameter space allows for more flexibility to match the
hypothesis at the cost of an extra fitted degree of free-
dom. Slices at a few selected values of g under both or-
derings are shown in Fig 5. Again, there are two allowed
regions, but in this case very large values of g tending to
favor higher Y are required, as the peak of the resonance
becomes suppressed by its finite width.
Given the inverted ordering, the best fit χ2/DOF (de-
gree of freedom) in the 3-parameter fit is 24.6/35 DOF,
to be compared with 28.9/36 DOF under the ZWA. For
the normal ordering, these numbers are 24.6/35 DOF for
the 3-parameter fit and 24.9/36 DOF for the ZWA. The
additional fit parameter provides a modest improvement
in the IO case, but not in the NO case. However, as will
be discussed in Sec. VI, the large values of g required in
non-ZWA scenarios are difficult to reconcile with limits
on secret neutrino interactions from elsewhere [35]. Since
the ZWA already gives an excellent fit using one less pa-
rameter, we will consider these ZWA best fit points as the
most plausible for further exploration in what follows.
Hypothesis χ2ν χ
2
ν¯ χ
2
ν + χ
2
ν¯ ∆χ
2
null−bf (dof)
No Osc. 24.2 23.5 56.0 N/A
3+1 νs, MB BF 18.8 12.3 37.4 18.6 (2)
3+1 νs, global BF 25.5 19.9 52.6 3.4 (-)
hν , ZWA, IO low Eres 11.7 13.3 30.0 26.0 (2)
hν , ZWA, IO high Eres 7.9 20.4 28.9 27.1 (2)
hν , ZWA, NO 7.2 15.2 24.9 31.1 (2)
hν , IO full 7.8 14.5 24.6 31.4 (3)
hν , NO full 7.6 14.6 24.6 31.4 (3)
TABLE I. χ2 values for null hypothesis, the best fit in the
3+1 model using MiniBooNE and the global fit value from
[36], and several of the fit points in the neutrino-Higgs model.
In the latter case we consider both the absolute best fit (low
mass), the best fit point in the high mass island for the IO,
an allowed value for the NO, and the best fit in the finite
width case. These fits use 19 bins in each of neutrino and
antineutrino modes (11 νe and 8 νµ) and data from [29].
6FIG. 3. Allowed regions of the resonance oscillation effect in the Zero Width Approximation (ZWA) to the MiniBooNE data.
Left: fits to neutrino mode only; Center: anti-neutrino mode only; Right: combined fit. Top: inverted mass ordering; Bottom:
normal mass ordering. Stars show the best fit points in each ordering, and the square shows the local minimum in the high
mass island.
In both ZWA and finite-width models, this new light
Higgs hypothesis gives an improvement over the 3+1
model for fitting the MiniBooNE excess. The 3+1 model
taken at world-best fit from [37] is only very slightly fa-
vored by MiniBooNE data relative to no oscillations, by
3.4 points in ∆χ2. The fit to MiniBooNE data only, al-
lowing for parameters disfavored by world data, provides
a ∆χ2 improvement of 18.6 with 2 DOF. The much larger
∆χ2 values for all versions of the neutrinophilic Higgs
model (with 2 DOF under the ZWA or 3 DOF with the
full finite-width model), of 26 ≤ ∆χ2 ≤ 31.4, show that
it is a significantly better fit to the MiniBooNE data.
Table I gives a comparison at the best-fit point fit-
ted using combined neutrino and anti-neutrino datasets,
evaluated in neutrino mode, in anti-neutrino mode, and
in both together between various possible models of the
excess and the null hypothesis. Our model appears sig-
nificantly preferred over both the null hypothesis and
the sterile neutrino explanation, both at its best-fit point
from MiniBooNE only, and at the world-data best fit.
As has been discussed by other authors [38], one should
exercise caution in the interpretation of overall χ2 as a
quantitative goodness-of-fit for each model, since this fit
considers both muon- and electron-flavor data simulta-
neously, only a subset of which is expected to exhibit
signal. Fluctuations in the χ2 at the expected level from
non-signal bins can hide even large anomalies in localized
regions. Rather, the key metric for comparing models
is ∆χ2, which if significantly larger than the number of
degrees of freedom in the model, indicates an improve-
ment of compatibility with data over the null hypothesis.
Both 3+1 and light Higgs models, when unconstrained
by other oscillation data, provide significant improve-
ments. Furthermore, the light Higgs fits substantially
out-perform the 3+1 model fits in all favored regions.
7Neutrino Mode
Antineutrino Mode
FIG. 4. Oscillation spectra in allowed regions under ZWA. Top: neutrino mode. Bottom: anti-neutrino mode. Left to right:
low-mass best fit in inverted ordering (Eres = 100 MeV , Y=6×10−2); high-mass allowed point in inverted ordering (Eres = 340
MeV, Y=1.4× 10−3); example allowed point in normal ordering (Eres = 320, Y=3× 10−2) region.
V. IMPLICATION FOR FUTURE
SHORT-BASELINE NEUTRINO EXPERIMENTS
The Short-Baseline Neutrino (SBN) program at Fermi-
lab [39] has been proposed to directly address the short-
baseline oscillation anomalies through the combination
of three liquid argon time projection chambers located
along the Booster Neutrino Beam. In addition to the os-
cillation searches from νe appearance and νµ disappear-
ance, the SBN also offers sensitivity to beyond the stan-
dard model searches such as heavy sterile neutrino de-
cay searches [40–42] and sub-GeV dark matter searches
running in beam dump mode [43–46]. These searches
are enhanced by the presence of the three detectors be-
cause of the baseline dependence of oscillations and the
attendant systematic uncertainty reduction afforded by a
multi-detector program. The oscillation effect described
in this paper would be directly observable by the SBN
detectors, and clearly distinguishable from the 3+N ster-
ile neutrino scenario. Fig. 6 shows the prediction for
the oscillation effect described here at each SBN detector
baseline for each of the three favored regions in Figure 3.
The extrapolated oscillations corresponding to each so-
lution derived from MiniBooNE data show clear and dis-
tinctive features in the three SBN detectors. In the case
of the low energy IO resonance solution, the oscillation
spectrum in each of the detectors has a very different
shape. The difference in this spectrum shape provides
a powerful handle to identify and classify the effect de-
scribed here. In the case of the high energy resonance
IO solution, the peak at 340 MeV in all detectors would
be a clear signature of this effect. The NO solution has
a smaller amplitude but a non-trivial energy structure
at 300 MeV. The energy regime and structure of these
effects is ideally suited to exploration at the SBN pro-
gram, since these detectors are expected to have high
8FIG. 5. Slices of the allowed regions at fixed g given the finite width model (3 DOF) under the normal ordering. Left: fits to
neutrino mode only; Center: anti-neutrino mode only; Right: combined fit.
efficiency and excellent calorimetric resolution in this en-
ergy range. Moreover, the three-detectors configuration
allows for the oscillation probability to be mapped as a
function of baseline, allowing for detailed exploration of
exotic oscillation scenarios such as this one. The combi-
nation of three SBN detectors presents the opportunity
for a conclusive test of the phenomena presented here, as
well as other baseline dependent phenomena arising from
exotic neutrino oscillation scenarios.
9FIG. 6. Predictions for the oscillation probability for the SBN program for the favored high and low energy resonance solutions
in IO (left and center) and an example allowed point in the NO (right).
VI. DISCUSSION
We have shown that the MiniBooNE low energy
anomalies can be explained using model with a new, light
boson that couples to neutrinos. We demonstrated that
the new interaction introduces a resonance in the neu-
trino oscillation probability due to the forward scatter of
neutrinos from an over-dense relic neutrino background.
The allowed regions in our fits suggest that resonances
around Eres ∼ 100 MeV and Eres ∼ 340 MeV provide
the optimal fit points in the case of the inverted neu-
trino mass ordering, and for a wide range of masses up
to 350 MeV given the normal neutrino mass ordering.
This resonance energy is related to the mass scale of the
new boson by Eires = m
2
h/2mi
If the MiniBooNE anomaly is to be explained via this
effect, we expect that it must be the heaviest neutrino
mass state which is on resonance, in order to avoid con-
flict with non-detection of larger and higher-energy res-
onance peaks in other experiments. The mass of this
neutrino is constrained from oscillations and cosmology,
and the resonance energy leads us to conclude that the
mass of this new Higgs boson would be either 6-9 keV
in the case of the higher energy class of solutions, or 3-5
keV for the lower energy class.
Of the existing oscillation searches, only the T2K ex-
periment has significant sensitivity in this energy range
[47]. Because the maximum oscillation amplitude un-
der the normal mass ordering is small, all hypotheses in
the normal ordering scenario are outside the sensitivity
of T2K. For the inverted ordering solutions, the effec-
tive mixing angle is larger and exploration with T2K
is possible. Sensitivity depends on reconstruction effi-
ciency, energy resolution and uncertainty budget in the
energy range of interest. These pieces of information are
not presently available at the level of detail required to
make a careful numerical estimate. However, evaluation
of eq. 16 at 295km, and comparison to T2K published
data [47] strongly suggests that the solutions with large
resonance energy, which have smaller Y , will not be ex-
cluded within the stated uncertainties. The low mass
solutions with larger Y produce a wider resonance at
long baselines, which is likely to be at least partially con-
strained by T2K. Notably, the MINOS [48] and NOνA
[49] experiments do not have high enough statistics at
low enough energies to address these models with their
published analyses, though dedicated searches with cuts
optimized for low energy νe acceptance may be possible.
For the low energy inverted ordering solution, the other
prominent experiment in the appropriate energy range is
LSND [30], which also observes an excess in ν¯e appear-
ance. That excess could be explained by this mechanism,
though as with any short-baseline oscillation hypothesis,
some fine tuning to maintain consistency with null re-
sults from KARMEN [32] would likely be required. A
full evaluation of the constraints imposed by world os-
cillation data would require comprehensive global fits, as
have been performed for the 3+1 sterile neutrino hypoth-
esis [36, 50, 51]. This activity is outside the scope of the
present work.
Fitted values of Y of 10−3 and larger are allowed at
90% CL. The phenomenological parameter Y is related
to the coupling strength, neutrino mass and local neu-
trino over-density via eq. 20. Taking the heaviest neu-
trino mass at its smallest allowed value of 0.05 eV, a
relic density ≥ 4 × 10−4 eV3 is implied. This exceeds
the standard expected global relic density by a factor of
order 108. This is a large value, but is smaller than den-
sities that have been discussed in other literature [24, 27],
and remains outside of direct experimental limits. These
levels of over-density should be observable by future pro-
posed experiments [52]. Constraints on “secret” neutrino
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interactions (compiled in [35]) further bound the range
of values for n that are consistent with our fitted pa-
rameters. These constraints fall into two broad classes:
direct limits on gi from particle decay widths [53, 54],
and limits from absorption or down-scattering of neutri-
nos travelling over astronomical baselines proportionally
to η = g4i n [35, 55]. The refractive mechanism described
here, on the other hand, depends on g2i n = η/g
2. Hence
both of the above are evaded with a suitably large local
over-density and small gi.
There are also possible implications of a new light
scalar for cosmology [42, 56, 57]. Naively this particle
contributes ∆Neff = 4/7 of a neutrino-equivalent de-
gree of freedom in the early Universe. This is consis-
tent with measurements of big bang nucleosynthesis at
the 1.5σ level [6, 58–60]. The Planck [5] determination
of Neff=3.04±0.18 from the CMB, taken at face value,
would appear to be a stronger constraint. However, this
measurement is strongly correlated with the measured
Hubble constant, which is in significant tension with di-
rect determinations [61–63]. Fixing the value of H0 to
that measured elsewhere would substantially weaken the
constraint on Neff , pulling it to higher values, and thus
drawing the robustness of this constraint into question.
Although preliminary indications suggest that the con-
straints from cosmology are not overly severe, the extent
to which this particle is in equilibrium, and the impact of
its possible late-era phase transition, may complicate the
simple interpretation of these constraints given above.
We thus defer a full account of cosmological implications
of this model to future work.
VII. CONCLUSIONS
In this paper we have presented the phenomenological
implications of a light, neutrinophilic Higgs boson, mo-
tivated as a mechanism to generate neutrino mass. A
resonance effect from a neutrino beam interacting with
an over-dense relic neutrino background is explored that
can provide an alternate explanation to short-baseline
oscillation anomalies. This model provides a good fit to
the MiniBooNE low-energy excess and illustrates an in-
teresting class of new oscillation phenomena. This may
provide a promising direction for new physics searches at
the Fermilab Short-Baseline Neutrino program and be-
yond.
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